Purpose The oral microbiome has been related to numerous extra oral diseases. Recent studies detected a high abundance of oral bacteria in inflamed appendices in pediatric patients. To elucidate the role of oral bacteria in acute pediatric appendicitis, we studied the oral and appendiceal microbiome of affected children compared to healthy controls. Methods Between January and June 2015, 21 children undergoing appendectomy for acute appendicitis and 28 healthy controls were prospectively enrolled in the study. All individuals underwent thorough dental examination and laboratory for inflammatory parameters. Samples of inflamed appendices and the gingival sulcus were taken for 16S rDNA sequencing. RT-qPCR of Fusobacterium nucleatum, Peptostreptococcus stomatis, and Eikenella corrodens was performed and their viability was tested under acidic conditions to mimic gastric transfer. Results In phlegmonous appendices, Bacteroidetes and Porphyromonas were discovered as dominant phylum and genus. In sulcus samples, Firmicutes and Streptococcus were detected predominantly. P. stomatis, E. corrodens, and F. nucleatum were identified in each group. Viable amounts of P. stomatis were increased in sulci of children with acute appendicitis compared to sulci of healthy controls. In inflamed appendices, viable amounts of E. corrodens and F. nucleatum were decreased compared to sulci of children with appendicitis. Postprandial viability could be demonstrated for all tested bacteria. Conclusion In children with acute appendicitis, we identified several oral bacterial pathogens. Based on postprandial viability of selected species, a viable migration from the oral cavity through the stomach to the appendix seems possible. Thus, the oral cavity could be a relevant reservoir for acute appendicitis.
Introduction
Acute appendicitis is the most common cause for intraabdominal surgery in children and adults [1] [2] [3] . It has been hypothesized that a luminal obstruction leads to accumulation of secretions with rise of intraluminal pressure followed by bacterial overgrowth and transmural inflammation [4] [5] [6] . However, particular bacteria responsible for the onset of acute appendicitis have not been identified so far.
With the implementation of culture-independent methods like 16S rDNA sequencing of bacterial components, the appendiceal microbiome has gained increasing interest in both, children and adults [2, 7] . Several studies revealed a significant change of the intraluminal bacterial composition in inflamed appendices, suggesting a key role in the pathophysiology of acute appendicitis [3, 7, 8] . Moreover, in the large number of detected bacteria, oral microbes such as Carlotta Blod and Nadine Schlichting contributed equally to this work.
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Fusobacterium, Porphyromonas, Peptostreptococcus, and Gemella were significantly increased in acute appendicitis [2, 3, 7, [9] [10] [11] [12] .
Recent data suggest that the oral cavity serves as a reservoir for pathogens causing systemic inflammatory processes [3, 7, 9] . Potential oral pathogens include Fusobacterium nucleatum, a gram-negative anaerobic pathogen located in the gingival sulcus, which causes root canal infections or periodontitis. Several authors could detect this microbe in a number of extra oral diseases such as atherosclerotic disease, rheumatoid arthritis, inflammatory bowel disease, and colorectal cancer [10] [11] [12] . However, it is not clear whether the presence of F. nucleatum or other pathogens is a primary or secondary effect of the systemic disease.
The aim of our study was to evaluate the role of the oral microbiome in acute pediatric appendicitis in comparison to healthy controls by 16S rDNA sequencing and real-time quantitative polymerase chain reaction (RT-qPCR) of relevant bacteria. Furthermore, we tested the viability of selected bacteria under acidic conditions, mimicking a gastric transfer of swallowed bacteria to understand a possible route of infection.
Material and methods
The present study was approved by the research ethics committee of the University of Leipzig (reference number: 401-14-15122014) and is in accordance with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. All participants' parents signed written informed consent at the time of enrollment. Bacterial viability tests were carried out at the Institute for Medical Microbiology and Epidemiology of Infectious Diseases and dental examinations were conducted at the Department of Pediatric Dentistry and Primary Prevention, at the University Hospital Leipzig, Germany. Amplicon generation, sequencing, and microbiome profiling were performed by Eurofins MWG Operon (Ebersberg, Germany).
Study design and participants
Data were prospectively collected between January and June 2015. Children and adolescents undergoing laparoscopic appendectomy for acute phlegmonous appendicitis (appendicitis group) and children admitted for non-abdominal surgical procedures (control group) were enrolled preoperatively to the study. Patients undergoing interval appendectomy or suffering from complicated appendicitis (perforation, abscess) as well as patients with a history of chronic abdominal pain, gastrointestinal diseases, or previous appendectomy in their medical history were excluded. Preoperative antibiotics were only administered for suspected perforated appendicitis. A questionnaire was completed on the individual medical history, life style (Supplementary Table 1) , and the clinical course of appendicitis (Supplementary Table 2 ). Laboratory tests included leukocyte counts, neutrophil counts and C-reactive protein levels (CRP). The pediatric appendicitis score (PAS) ranging from 0 to 10 was calculated, with a score of ≥ 6 being compatible with the diagnosis of acute appendicitis [13] . All patients were offered to undergo an examination by a pediatric dentist. The periodontal screening index (PSI) ranging from 0 to 4 was determined by probing the gingival pocket depth, bleeding tendency upon probing as well as the presence of calculus. Scores ≥ 3 indicate periodontitis and requires complex periodontal treatment [14] .
Sample acquisition and intervention
Preoperatively, samples were collected from all patients at the correspondent region of the teeth 11, 24, 31, and 44 by putting sterile paper points (ISO 50, RoekoGmbH, Langenau, Germany) into the depth of the gingival sulcus for 30 s. Paper points were immediately stored in a sterile mediumfree Eppendorf tube at − 80°C until further molecular analysis.
Laparoscopic appendectomy was performed in a threetrocar technique as described previously [15] . The appendix was dissected out by electrocautery (BiClamp; ERBE Elektromedizin GmbH, Tübingen, Germany), stapled over its base (Endopath, ETS Endoscopic Linear Cutter; Ethicon, Norderstedt, Germany), and removed by a specimen bag. Under sterile conditions, the appendix was immediately opened longitudinally. Swabs from the intraluminal side of the appendix were taken and cryoconserved at − 80°C for bacterial DNA and RNA extraction. Appendices were stored in formalin 4% overnight for histology.
Bacterial DNA extraction
Randomly selected, age and gender matched patients of both groups were selected. Total bacterial DNA from gingival sulcus of both groups (Sulc App = appendicitis sulcus, Sulc Con = control sulcus) and the appendix (App = appendix in acute appendicitis) was extracted according to the following protocol [16] : After unfreezing swabs/paper points, they were treated with 360 μl lysozyme solution for 30 min at 37°C (20 mg/ ml lysozyme, 20 mM TrisHCl, 2 mM EDTA, 1.2% Triton X100, pH 8.00). Subsequently, samples were incubated with 40 μl proteinase K for 30 min at 56°C in 400 μl buffer AL (lysis buffer) for protein digestion. Enzyme inactivation was performed by heating to 95°C for 15 min. Then, 500 mg of sterile 0.5-mm glass beads (Carl Roth GmbH, Karlsruhe, Germany) were added and bacterial cell wall disruption was achieved by shaking with a Tissue Lyser bead mill (QIAGEN). DNA purification was performed using the QIAamp DNA Mini/Micro Kit (QIAGEN, Hilden, Germany) according to the manufacturer's protocol [17] .
DNA quantity and quality was assessed by a spectrophotometer (Nanodrop Technologies, Thermo scientific, Waltham, USA). The purified DNA was eluted in 30-100 μl buffer AE (QIAmp Mini Kit) and stored in sterile DNA-and RNAfree tubes at − 80°C.
Bacterial 16S rDNA sequencing and analysis
After fluorometric quantification of DNA (PicoGreen® dsDNA Assay Kit, Life Technologies, Darmstadt, Germany), 10 ng were used for 16S rDNA amplification (FastStart High Fidelity PCR System, Roche Diagnostics, Mannheim, Germany). The V1-V3 regions of 16S rDNA genes were amplified using a limited cycle PCR with forward and reverse primers containing Illumina adapter sequences and dual-index barcodes used for tagging each sample, primer sequences are 27F: AGAGTTTGATCATGGCTCA and 530R: GTATTACCGCGGCTGCTG. After that, amplicon libraries were pooled and sequenced on a Miseq Instrument (Illumina, Inc., San Diego, CA, USA) using a Miseq v3 reagent kit (Illumina, Inc.). Paired-end sequencing with a read length of 2 × 300 bp was performed.
Preceding, raw reads were de-barcoded based on the unique forward and reverse inline-barcode sequences. Sequencing errors in the inline-barcodes and primer sequences were excluded to preserve only high-quality reads. Additionally, reads with ambiguous bases (BN^) were removed. Using minimum entropy decomposition (MED), the remaining set of high-quality reads was converted into operational taxonomic units (OTUs) [18, 19] . Further, BLAST alignments of cluster representative sequences to the NCBI sequence database were performed to assign taxonomic information to every OTU. Then a most specific taxonomic allocation for each OTU was transmitted from the set of best-matching reference sequences. A minimal requirement for considering reference sequences was a sequence identity of 80% across at least 80% of the representative sequence. Subsequent processing of OTUs and taxonomic assignments was conducted using the QIIME software package. Lineage-specific copy numbers were used to normalize abundances of bacteria taxonomic units of the relevant marker genes to improve estimates (QIIME software package, Version 1.8.0
, [20, 21] ). After quality filtering, a total of 14 samples remained and 12,945,778 reads were included for downstream analyses and an average of 395,671 sequences (SD 138,668) were assigned to each sample (ranging from 171,420 sequences to 648,258 sequences). The 16S rDNA of one gingival sulcus sample of the control group could not be amplified in sufficient quality. Consequently, sequencing of bacterial microbiome could not be performed.
Quantification of bacterial gene expression by RT-qPCR
Based on the results of 16S rDNA sequencing, F. nucleatum, Peptostreptococcus stomatis, Eikenella corrodens, and Porphyromonas endodontalis were selected for RT-qPCR (Supplementary Table 3 ). Bacterial RNA was isolated using the RNeasy Mini/Micro Kit from Qiagen (Hilden, Germany) and reverse-transcribed into double-stranded cDNA using the Synthesis super script III KIT (Thermo scientific, Waltham, USA). DNA Purity was assumed if the A260/A280 ratio was 1.7-1.9 (Nanodrop, Thermo scientific). The cDNA was stored at − 80°C. RT-qPCR analyses were performed using the Mastercycler ep-gradient S (Eppendorf, Wesseling-Berzdorf, Germany). In brief, a SYBR Green PCR Kit (QuantiFast SYBR Green PCR Kit, QUIAGEN) was used containing 1 μl of primers, 10 μl of the SYBR Green Mastermix, 8 μl of RNAse-free water, and 1 μl of cDNA in a total reaction volume of 20 μl. Each reaction was run in duplicate under the following conditions: Denaturation, 5 min at 95°C, annealing and elongation, 40 cycles of 10 s at 95°C and 30 s at 60°C, ensued by 95°C for 15 s, 60°C for 15 s, and a melting curve to 95°C for 20 min. 23S rRNA served as housekeeping gene for quantification. The presence of PCR amplicons was confirmed by gel electrophoresis on a 2% agarose gel stained with ethidium bromide. Fluorescence quantitation was performed by realplex software 2.2 (Eppendorf) and values of mRNA regulation were normalized by log transformation (LOG10) thus, quantifying the abundance of viable bacteria [22] .
Bacterial viability under acid conditions
Bacterial strains of F. nucleatum (ATCC 25586), E. corrodens (ATCC 23839), and P. stomatis (CCUG 51858) were purchased from the Leibniz Institute of German Collection of Microorganism and Cell Culture (DSMZ, Braunschweig, Germany). Aerobic pathogens (E. corrodens) were grown on Columbia agar (Fisher Scientific) supplemented with 5% sheep blood at 37°C under 95% O 2 /5% CO 2 for 24-72 h. Anaerobic pathogens (F. nucleatum, P. stomatis) were grown at 37°C for 24-72 h on Brucella agar (Becton Dickinson, Germany) containing 5% sheep blood, vitamin K1 (1 μl/l), NaHCO 3 0.1% and hemin (5 μg/l) at an anaerobic workstation (Whitley MG 1000, Meintrup Laborgeräte GmbH, Germany).
Single colonies of bacteria were inoculated into thioglycolate medium containing anaerobic basal broth (Fisher Scientific) or aerobic brain heart infusion broth (BHI), (Fisher Scientific) at 37°C for 48-72 h. After incubation, bacterial cells were harvested by centrifugation and the optical density (Pharmacia Biotech, Ultraspec 2000, Freiburg in Breisgau, Germany) was measured at 550 nm. Colony forming units (CFU) were calculated according to the McFarland standard [23] .
For testing the viability of bacteria under acid conditions, the specific nutrient broth (BHI or thioglycolate) was adjusted to a predefined pH (1, 2, 3, 4, 5, and 6) using 1 M HCL. Culturing in native nutrient broth served as positive control. Inoculum sizes of 10 7 to 10 8 CFU/ml were added to the acid bouillon according to Yuk et al. [24] . The suspension was incubated at 37°C and bacterial survival was monitored at 0, 30, 60, 120, 180, and 240 min [24] . After incubation, bacterial suspension was centrifuged and spread plated onto agar plate. Bacterial cell survival was visualized macroscopically after incubating for 48-96 h. Verification of the growing bacteria was conducted biochemically by a matrix-assisted laser desorption/ionization time-offlight mass spectrometry (MALDI-TOF-MS) analysis using an Autoflex II Instrument (Bruker Daltonics, Bremen, Germany) [25] . All experiments were conducted in triplets.
Statistical analyses
Statistical analyses were conducted with GraphPad Prism 6.04 and SPSS (Statistical Package for the Social Science, V24). After testing continuous data for normal distribution, the twosided t test for parametric distribution (age at surgery, body mass index (BMI), and the Mann-Whitney U test for nonparametric distribution (PSI) were applied. For nominal data, contingency tables were generated. Spearman's rank correlation test was performed for dental health and inflammation parameters (leukocytes, CRP, neutrophils), respectively. Regarding sequencing samples, differences in α-diversity were calculated as species richness and in terms of the inverse Simpson index, followed by analysis of variance with a Tukey post hoc test. Differences in community variation between groups (β diversity) were calculated using Pielou's Evenness index as well as chord distance with subsequent analysis of similarity.
Data are presented as mean ± standard deviation if not indicated differently. A p value of < 0.05 was considered to be statistically significant.
Results

Study subjects
Thirty-four patients with clinical signs of acute appendicitis and 28 controls admitted for elective surgery were included for analysis. Five patients of the appendicitis group were excluded for perforated appendicitis, missing clinical history, or postoperative complications. To ensure a homogenous cohort, only patients with phlegmonous appendicitis (n = 21) were analyzed further; thus eight children with catarrhal or gangrenous were excluded [26] . Patients of both groups did not differ significantly in age, sex, BMI, dental history, and examination (Table 1 ). All but one patient (vegetarian) were on a balanced diet. No correlation of dental health (PSI, presence of caries) and signs of acute appendicitis (leukocytes, CRP, neutrophils, PAS) was found.
16S microbiome profiling
Phylum level
The overall phylum distribution is demonstrated in Fig. 1 and Table 2 and indicates a diverse composition. In gingival samples of controls and children with acute appendicitis, seven phyla were detected with high percentages of Bacteroidetes, Firmicutes, Fusobacteria, Proteobacteria, and Actinobacteria, which did not differ between both groups. In appendix samples, eight phyla dominated by Bacteroidetes, Firmicutes, and Data presented as mean ± standard deviation PSI periodontal screening index, 0 dental health, 1-2 gingivitis, 3-4 periodontitis; PAS pediatric appendicitis score *n = 17; **n = 18
Fusobacteria were found. In comparison to the sulcus of children with appendicitis, Actinobacteria (p = 0.008) and Proteobacteria (p = 0.03) were significantly diminished in inflamed appendices.
Genus level
At genus level, a total of 71 genera were found in gingival sulcus samples with highest abundances of Streptococcus followed by Actinomyces and Fusobacterium (Fig. 2) . No significant differences between healthy and affected children were detected. In inflamed appendices, a total of 57 genera were found (Fig. 2) . In comparison to the gingival sulcus of appendicitis patients, Actinomyces (p = 0.005) as well as Neisseria (p = 0.01), Streptococcus (p = 0.008), and Terrahaemophilus (p = 0.01) were significantly less abundant in inflamed appendices. Comparison of the microbial abundances between gingival sulcus and appendices revealed a concurrence of 28 genera.
Species level
At species level, a total of 216 species were detected in gingival sulcus of healthy and affected children. The major species were Streptococcus mitis, Granulicatella adiacens, Propionibacterium propionicum, and Terrahaemophilus aromaticivorans, which did not differ significantly between both groups (Fig. 2) . In contrast, 109 species could be identified in inflamed appendices, with highest percentages of P. endodontalis, F. nucleatum, and Parvimonas micra. F. nucleatum, E. corrodens, and P. stomatis were found in the gingival sulci of both groups as well as in the majority of appendix samples. Their abundance did not differ significantly between groups.
Analyzing α-diversity, we detected no significant differences regarding rare species contribution (p = 0.4) and common species contribution (inverse Simpson index, p = 0.8) comparing sulcus samples of healthy to affected children. In contrast, gingival sulcus of children with acute appendicitis had significantly higher species richness than their corresponding appendix samples (p < 0.001). Moreover, the inverse Simpson index was significantly lower in the appendix compared to gingival sulcus of infected children (p = 0.04). Likewise, no statistical differences were found in terms β-diversity between both sulcus samples. However, Pielou's Evenness Index was significantly lower in the appendix, compared to the sulcus (p = 0.04).
RT-qPCR
In a second cohort of healthy children (n = 10/28) and children with acute appendicitis (n = 8/21) four species, F. nucleatum, E. corrodens, P. stomatis, and P. endodontalis were quantified by RT-qPCR. F. nucleatum, E. corrodens, and P. stomatis were selected because of their abundance in nearly every sulcus sample as well as in most appendices, detected by 16S rDNA sequencing. P. endodontalis, usually found in the oral cavity, was not detected in the gingival sulcus, but was found in a high abundance in three of five appendix samples. However, abundances of viable P. endodontalis could only Fig. 2 16S microbiome profiling at genus and species level. Microbiome analysis of inflamed appendices (App) and gingival sulcus in children with acute appendicitis (Sulc App ) compared to gingival sulcus of controls (Sulc Con ) at genus (a) and species (b) level. Actinomyces, Neisseria, Streptococcus, and Terrahaemophilus were significantly less abundant in phlegmonous appendices compared to the sulcus of patients with acute appendicitis. Genera and species with a presence ≥ 2% were included in the figure. Abundances < 2% are summarized in Bother.^DNA reads that could not be assigned to a specific genus/species are indicated as Bnot assigned.Ŝ tatistical analysis by Mann-Whitney test be measured in three of eight appendix samples and in one gingival sulcus of the control group. Thus, they were not analyzed further (data not shown).
The amount of viable bacteria of F. nucleatum and E. corrodens did not differ significantly in the gingival sulcus samples of both groups, but was significantly lower in appendix samples compared to the gingival sulcus of appendicitis patients (F. nucleatum p = 0.01, E. corrodens p = 0.04) and control group (F. nucleatum p = 0.002 and E. corrodens p = 0.006) (Fig. 3) . RT-qPCR of P. stomatis revealed significantly higher amounts of viable bacteria in the gingival sulcus of children with acute appendicitis compared to the gingival sulcus of healthy controls (Fig. 3) .
Bacterial viability under acid conditions
Bacterial colony forming under acid conditions was considered as a positive result for viability. No isolate grew at pH 1 to 3 independently from exposure time. E. corrodens and F. nucleatum grew constantly at pH 6 and 5 during the entire inoculation time (0-240 min) and both could be cultivated after 30-min exposure in a nutrient broth at pH 4. P. stomatis showed a constant viability at pH 4 to 6 for the entire experiment.
Discussion
Despite the high incidence of acute appendicitis, its etiopathogenesis remains poorly understood. Recent studies found a significant abundance of oral pathogens in the appendiceal microbiome such as Fusobacterium, Peptostreptococcus, Porphyromonas, and Gemella [3, 9, 12] . Therefore, we aimed to study the potential relationship between the gingival sulcus and appendiceal microbiome by 16S rDNA sequencing and RT-qPCR, and examined the bacterial viability under acid conditions, mimicking the gastric passage as the route of infection.
In general, a broad diversity of microorganisms in gingival sulci was found. Firmicutes as dominant phylum and Streptococcus as major genus, which was mainly represented by the species S. mitis were detected in both groups. Streptococcus spp., as part of the normal oral microflora remained unaltered in healthy and affected children [27, 28] .
Peptostreptococcus, also a genus of the phylum Firmicutes, was represented by P. stomatis and could be found in all samples of gingival sulcus and in four of five inflamed appendices by 16S rDNA sequencing. Likewise, the amount of viable P. stomatis as assessed by RT-qPCR in gingival sulcus samples of affected children was significantly higher than in healthy controls. This is in line with other studies, demonstrating significantly higher abundances of Peptostreptococcus spp. in inflamed appendices compared to healthy controls [3] .
Peptostreptococcus species are commensal organisms in the human mouth and gastrointestinal tract, but can become pathogenic under immunosuppressed or traumatic conditions [29] . Interestingly, to the best of our knowledge, this is the first time that the species P. stomatis was detected in acute appendicitis by 16S rDNA sequencing and RT-qPCR.
In inflamed appendices, 16S rDNA sequencing revealed Bacteroidetes as major phylum with Porphyromonas as main genus, mainly represented by the species P. endodontalis. In line, others found a significant increase of Porphyromonas spp. in appendix samples of children with acute appendicitis compared to children with normal appendices by 16S rDNA sequencing [3] . Surprisingly, the high abundance of P. endodontalis as assessed by 16S rDNA sequencing could not be confirmed by RT-qPCR, where only in three of eight appendix samples viable bacteria could be detected. Most likely, only fragments of dead bacteria were detected by 16S rDNA sequencing, suggesting an increased abundance of P. endodontalis in early stages of acute appendicitis.
In gingival sulcus samples, P. endodontalis was detected only marginally by 16S rDNA sequencing and RT-qPCR. As a representative pathogenic bacterium of the oral cavity, it is Fig. 3 Viable amounts of Fusobacterium nucleatum, Eikenella corrodens, and Peptostreptococcus stomatis in appendices and sulcus. The mRNA expression of bacteria normalized to 23S rRNA in phlegmonous appendices (App) and gingival sulcus in children with acute appendicitis (Sulc App ) compared to gingival sulcus of healthy controls (Sulc Con ). Statistical analysis by Mann-Whitney test associated with periodontitis, gingivitis, and tooth pulp necrosis [30] [31] [32] . The lack of detection in our study can be well explained as samples were taken from the gingival sulcus of children without acute oral infections (overall PSI = 1.7 ± 0.9). P. endodontalis and P. endodontalis-like organisms have been found in appendicitis, peritonitis, and intra-abdominal abscesses before [33] .
Fusobacterium was also an abundant genus (> 5%) in all samples of the gingival sulcus as well as in inflamed appendices. Fusobacterium spp., and in particular, F. nucleatum are generally known as oral pathogens for periodontic diseases as well as for extra oral infections such as inflammatory bowel disease [34, 35] . In microbiome studies, F. nucleatum has been found in the regular lining of the gut and the stomach but has also been identified as one of the main pathogenic species in acute appendicitis [2, 10, 12] . Thus, F. nucleatum might act as an invasive pathogen that potentially proliferates after the onset of infection as well as being part of the healthy flora [9] .
By RT-qPCR, each patient of our cohort showed viable amounts of F. nucleatum in the gingival sulcus, but only in three of eight appendix samples. Recent studies reported variable percentages of F. nucleatum by sequencing. Zhong et al. demonstrated an abundance of F. nucleatum in each except one appendicitis sample, whereas Swidsinski et al. described a lack of Fusobacteria in 38% of investigated appendicitis patients [2, 9] . Moreover, F. nucleatum has been shown to infiltrate the lumen of the appendix as assessed by in situ hybridization, depending on the severity of acute appendicitis [10] . In contrast, high amounts of F. nucleatum were also found in appendix samples from interval appendectomies by sequencing, suggesting that its presence is not only caused by an active inflammation but also as detection of remnant bacterial fragments [2, 9] .
The species E. corrodens, representing the phylum Proteobacteria and the genus Eikenella, was detected by sequencing in the gingival sulcus of both groups as well as in inflamed appendices in similar amounts (≈ 1%). E. corrodens can be found in the regular flora of the oral cavity and the gastrointestinal tract [36, 37] . In the gastrointestinal tract, E. corrodens has been detected by culturing in acute appendicitis and other intra-abdominal infections like intra-abdominal abscesses but until now, not by 16S rDNA sequencing or RTqPCR [38] [39] [40] [41] . Usually, E. corrodens can be isolated in association with other aerobic bacteria such as species belonging to the genus Streptococcus which could also be identified in similar abundances (≈ 1%) in our cohort suggesting an important role in advanced inflammation [42] .
Taken together, our results are in line with recent studies suggesting an important role of oral pathogens in the etiopathogenesis of acute appendicitis [3, 9, 12] . It remains unclear which of the detected pathogens are responsible for the onset of acute appendicitis and how they reach the appendix. A hematogenous spread of bacteria seems unlikely due to indistinct blood cultures and the late onset of fever during acute appendicitis [43, 44] . Most probably bacteria could migrate through the gastrointestinal tract from the oral cavity to the appendix, even though the acidic gastric fluid should prevent the immigration into the intestinal wall and migration to the lower gastrointestinal tract. However, this barrier seems to be incomplete as oral bacteria have been found in the lower gastrointestinal tract before [3, 7, 9, 12] . A pH of 1.5 to 2.5 is typical for the fastening stomach increasing up to pH 5.5 during meals and decreasing to normal fastening values after 3 to 4 h of enteral passage [45] . We tested the viability of the oral pathogens P. stomatis, E. corrodens, and F. nucleatum under acidic conditions (pH 1 to 6) . Surprisingly, all bacteria survived at pH 4 for at least 30 min and at pH 5-6 for 240 min, suggesting that a migration of microorganisms is possible during ingestion. Thus, the oral cavity may be the reservoir of pathogens causing acute appendicitis and GI passage a potential route of infection.
Antibiotic treatment for pediatric patients with uncomplicated appendicitis had been shown to be feasible and effective in a recent meta-analysis [46] . However, non-operative treatment was associated with a failure rate of 8.92%. Accordingly, it has been proposed that the appendix harbors a protected reservoir of bacteria that may even persist a first-line antibiotic treatment during acute appendicitis [12] . Thus, appendectomy remains the only definitive treatment of acute appendicitis.
To the best of our knowledge, this is the first study investigating the relationship between the oral and the appendiceal microbiome in children with acute appendicitis and healthy controls. However, we are aware of several limitations of the study. In contrast to others, we do not regularly perform incidental appendectomies at our hospital. Therefore, we were not able to investigate normal appendices as controls. Furthermore, the small study population may explain the absence of certain statistically significant differences.
Nevertheless, we investigated a very homogenous patient cohort, with no difference in diet, living area, BMI, sex, and histological grade of appendicitis. Moreover, samples of the gingival sulcus as taken for our study had been shown to be more representative for oral pathogens than saliva samples or buccal swabs [47, 48] . Finally, two culture-independent approaches revealed not only the presence of bacterial DNA (sequencing) but also their viability levels (RT-qPCR); additionally, we were able to verify a proof of principle that the GI passage can be a potential route of infection.
Conclusion
We identified several oral pathogens such as P. stomatis, E. corrodens, and F. nucleatum by 16S rDNA sequencing in acute pediatric appendicitis in both gingival sulcus and appendices. Our results suggest that P. stomatis may play an important role in the underlying pathogenesis. A viable migration of oral pathogens from the oral cavity through the stomach postprandially is a possible route of infection.
